Within the pharmaceutical industry, and elsewhere, the screening for new solid forms is a mandatory exercise for both existing and new chemical entities. This contribution focuses on mechanochemistry as a versatile approach for discovering new and alternative solid forms. Whilst a series of recently published extensive reviews exist which focus on mechanistic aspects and potential areas of development, in this review we focus on particular practical aspects of mechanochemistry in order to allow full optimisation of the approach in searches for new solid forms including polymorphs, salts and cocrystals as well as their solvated/hydrated analogues. As a consequence of the apparent experimental simplicity of the method (compared to more traditional protocols e.g. solvent-based methods), the high efficiency and range of conditions available in a mechanochemical screen, mechanochemistry should not be considered simply as an alternative method when other screening methods are not successful, but rather as a key strategy in any fully effective solid form screen providing reduced effort and time as well as the potential of requiring reduced amounts of material.
important to ensure that the selected solid remains unchanged in the final dosage form [3] . For these reasons, screening for new solid forms and studying their stability are essential practices for all existing and new chemical entities.
Approaches to screening can be computational and experimental, with computational methods being mostly predictive i.e. aiming to identify all possible three-dimensional arrangements which a specific drug can adopt in the solid state. Such crystal structure prediction (CSP) methods address some of the main challenges in solid state chemistry including the "continuing scandal that it is still impossible to predict the structure of a simple crystal" [4] , the propensity of a molecule to polymorphism [5] [6] [7] and the possibility of including two or more molecules in the same crystal lattice forming a cocrystal [8, 9] , a salt [10] or a solvate [11] . CSP methods, however, cannot establish the exact experimental conditions required to produce a particular hypothetical form [12] and as a result are not intended as a substitute for a full experimental screening program. On the other hand, experimental screening for new solid forms does not follow a universally agreed screening strategy, and no single approach appears to guarantee the discovery of all the possible crystal forms.
Traditionally, the screening for new solid forms of pharmaceuticals has been performed using solution based methods such as solvent evaporation, antisolvent addition, cooling crystallization and slurrying: experimental variations on these methods include change in the solvent type, temperature (heating/cooling rate), solvent/antisolvent mixtures, concentration, rate of addition, etc. [13] . Such variations would be included in various "high-throughput" approaches [14] [15] [16] . Additionally, other screening approaches would include as examples supercritical fluid technologies [17] , sono-crystallization (ultrasound-assisted crystallization) [18] , microfluidic approaches [19] and the application of high pressure during crystal nucleation and growth [20] .
This review focuses on mechanochemistry as a highly-efficient screening method, minimising the amount of solvent involved and thereby aligning to green and sustainable chemistry. It will highlight the various approaches including equipment, protocols and variations in experimental conditions.
A formal definition of mechanochemistry is the discipline that deals with "chemical reactions involving reagents in any aggregate state that are induced by the input of mechanical energy" [21] . The most frequent use of such a description, however, is in relation to solid-state processes and reactions initiated by any type of mechanical treatment, or involving reagents that are preliminarily activated mechanically [22] . The great potential of mechanochemistry has been recorded in the past by several distinguished scientists. For example, in 1820 Faraday demonstrated the reduction of AgCl to pure Ag by grinding in a mortar and pestle a mixture of AgCl and Zn [23] , while Carey Lea studied the decomposition of silver halides [24] . The current application of mechanochemistry has been further extended to a very large number of inorganic [25] and organic [26] processes.
With specific regard to pharmaceutical materials, mechanochemistry is a relatively new technique and a significant growth of interest has been observed over the last three decades. Although being quite recent, several independent studies have demonstrated mechanochemistry to be effective and often superior to other approaches for the discovery of additional solid forms -indeed a recent extensive review by Tan et al. [27] has highlighted the great efficiency of mechanochemistry as a screening method and several other areas where it is likely to emerge.
This review has particular focus on the various experimental variations available in mechanochemistry, and relates the outcomes to operational variables such as components, temperature, solvents, additives, etc. Indeed, mechanochemistry offers suitable conditions for the discovery of less stable forms as the apparent equilibrium reached in specific conditions often does not correspond to the thermodynamic equilibrium but is rather related to the experimental conditions used. This is particularly evident during liquid-assisted mechanochemistry, where the main driving force for the formation of a new solid form (i.e. supersaturation) is always present (the amount of liquid added to the mechanochemical reaction is usually at the microliter scale) and therefore other experimental conditions will affect the kinetics of crystallization. Such variables are able to cover a wide range of crystallization space thereby increasing the probability of discovering different crystalline forms: a correct use of this versatility positions mechanochemistry as an important technique in pharmaceutics.
Specialised mechanochemical devices
The development of mechanochemistry as a chemistry discipline can be divided into four stages namely 1) "inadvertent" mechanochemistry representing the primitive use of mechanical energy (making fire by friction, grinding herbs in a mortar and pestle etc.), 2) recognition of mechanochemistry, starting from the middle of 19th century as a series of scientists became aware of mechanochemistry as an efficient technique for promoting reactions in the solid state, 3) development of mechanochemistry where the first extensive investigations on the chemical effects of mechanical action were performed, and the availability of efficient equipment from specialised companies, and 4) the modern period where mechanochemistry was applied to different emerging areas including pharmaceuticals. Stage 4 represents additionally the development of advanced mechanochemical techniques ( Fig. 1 ) [28] .
The term "mechanochemistry", introduced first in the 19th century [28] , embraces a broad range of methods such as hydrostatic loading, controlled blow, pressure and shear, grinding, etc. [21, 25] . Specifically, with regard to the mechanochemical preparation of pharmaceutical solids (recently defined as "medicinal mechanochemistry" [27] ) grinding, however, represents the most frequent operation for the solid state preparation of cocrystals, salts and polymorphs [21, 25, 27] . The simplest method of grinding consists of using a mortar and pestle where the reactant materials (the amounts typically vary around the milligram scale) are mechanically ground for a specific amount of time (generally minutes [29] ) in the presence or absence of a catalyst. Grinding in a mortar and pestle represents the "genesis" of mechanochemistry since the first documented mechanochemical experiments were performed this way [28] . The main limitations of this method are related to 1) the low amount of material produced and low throughput, and 2) a difficulty in quantifying power input (the energy input will clearly depend on the human operator, and will likely, therefore, be low and irregular, and will be difficult to operate continuously for N 25-30 min). The experimental conditions also generally result in direct contact with air which may cause solvent evaporation (in the case where reactant are ground in the presence of small amounts of a liquiddiscussed later) or an unknown effect of moisture on the course and speed of the process (Fig. 2) .
Significantly higher control on the experimental conditions and the type of forces generated can be obtained by using "an automatic mortar and pestle" which was first developed by the company Retsch in 1923 ( Fig. 1) [28] . The ideal mechanochemical device would be able to transfer the maximum amount energy to the loaded reactants. In this context, not all grinders are equal [30] : ball mills represent the most efficient devices for transferring high mechanical energy amounts to the loaded material in a relatively short time [31] . In these devices mechanical energy is transferred by the mill body to the loaded mixture in the form of pulses through a series of grinding media. Ball mills include tumbling ball mills, planetary mills, vibrational mills etc. The mechanical action in ball mills takes place through both shear and normal stresses and their relative importance varies in different types of ball mills. Most interest for polymorph screening and production of pharmaceutical multicomponent crystals such as cocrystals and salts, however, are the planetary and vibrational/shaker mills.
A standard version of the vibrational mill has two jars (frequently of steel) which are secured in a clamp (Fig. 2) and vibrated energetically several times a minute with a frequency usually ranging from 3 to 25 Hz. During the vibration, the grinding media (usually spheres, also typically of steel) impact against each other, the sample and against the jar walls. Impact forces therefore mainly dominate the loading in such devices, and the sample receives mechanical energy in the form of pulses every time it is "trapped" between the colliding grinding media or between the grinding media and the wall of the jar. In addition to steel there are a variety of jars and grinding materials commercially available for such devices including alumina, tungsten carbide, zirconia, agate, plastic and methacrylate (for more details visit www. formtechscientific.com). Additionally, the volumes of the grinding jars vary from 1 to 50 ml and the diameter of grinding balls vary for 1 mm to several centimetres.
The name "planetary mill" derives from the planet-like movement of the grinding jars. This device is essentially made up of a circular rotating base plate which carries two or more grinding jars which can also rotate independently: such rotation can be either in the same direction or opposite to that of the rotating plate (co-or counter-rotating planetary mill). The plate and jar rotations cause the grinding media to collide with the jar walls generating different impact and friction forces. The grinding jars and grinding media (usually of spherical shape) are again available in different compositions such as zirconia, agate, chrome-steel etc. [31, 32] . Although planetary mills are routinely used for the synthesis of crystalline inorganic materials [33] their application in the pharmaceutical field is mainly for the great efficiency on particle size reduction and laboratory lab scale amorphization of drugs [34, 35] rather than screening for new crystalline forms. Pharmaceutical solid state scientists, however, are becoming aware of the potential of this type of mechanochemical device for the efficient screening of multicomponent crystals. Indeed, the application of a novel modified planetary mill to the rapid pharmaceutical cocrystals screening was demonstrated for carbamazepine-saccharin, caffeine-oxalic acid, and caffeine-maleic acid cocrystals -the authors reported that screening using a modified planetary mill was successful on producing already known multicomponent crystals and also led to the discovery of a previously unreported cocrystal form [36] .
The outcome of a mechanochemical reaction, however, depends not only on the total mechanical energy transferred to the powder but also on the type of treatment and the type of forces generated during grinding [21, 37, 38] . In this context, Tumanov et al. [39] reported a different effect of impact and shear mechanical treatment on mechanochemical cocrystallization of piroxicam and succinic acid. It was observed that impact mechanical treatment resulted in the synthesis of a cocrystal whereas shear treatment did not lead to the cocrystal phase. Similar phenomena were observed in the case of a carbamazepine-malonic acid cocrystal [40] and for polymorphic transformations of single component crystals such as sulfathiazole [41] . Such observations highlight the importance of selecting the proper device during mechanochemical cocrystal, salt and polymorph screening, and mechanochemical synthesis in general. Indeed, the choice of a device (mortar and pestle, vibratory, or planetary mill etc.) and the regime of treatment not only radically changes the process rate, but can also determine possible success: the more intense action of the "wrong" type may prove to be inefficient, in contrast to a weaker but optimally selected one.
In pharmaceutical research, the decision of selecting the most suitable screening approach may often influence a series of other factors with the most important being 1) productivity i.e. success rate and 2) time efficiency. While the excellent productivity of mechanochemical screening methods is nowadays undisputed [27] the time efficiency remains low although significant improvement has been made through the change from the mortar and pestle to automatic grinders. As a result, mechanochemical screening methods are still classified as low throughput techniques. In this context, a new modified multisampling planetary mill capable of carrying out up to 48 experiments at a time was successfully used for cocrystal screening [36] . So far, this mill represents the highest capacity available for cocrystal screening via mechanochemical methods enabling more experimental variables such as cocrystal formers and stoichiometry, solvents type and amount, and reaction time, to be investigated more quickly.
Approaches for varying reaction conditions
The application of mechanochemistry in the pharmaceutical field started only in the twentieth century (Fig. 1) , and began with the preparation of amorphous solid dispersions and successively for the discovery of new crystalline forms [32] . The propensity of a specific drug molecule to give different polymorphs and/or form multicomponent crystals can be assessed by changes in the exact conditions of the reaction, including neat grinding (NG), variable temperature grinding (VATEG), liquid-assisted grinding (LAG), variable amount LAG (VALAG), ion liquid-assisted grinding (ILAG) and polymer-assisted grinding (POLAG). Each method, discussed in detail below, demonstrates considerable versatility as a result of adjusting the precise experimental conditions: some are common to all techniques, whereas others are specific to each method. As a result, the different grinding methods can be complementary but also independent of each other.
Neat grinding (NG)
Neat grinding of two (or more) components represents the simplest case of a mechanochemical reaction. It is reported, however, that the mechanisms involved during cocrystal formation by NG can be several, including a) molecular diffusion, b) eutectic formation and c) amorphous phase formation, each mechanism involving a different type of intermediate phase with a higher mobility/energy of reactant molecules compared to their starting crystalline forms [42] . Consequently, the product outcome during NG may depend on the grinding conditions since by changing the experimental variables the mechanisms involved and/or their prevalence will differ. The type of mechanical energy i.e. the type of mechanochemical device is the first experimental variable to be considered. Indeed, in Section 1.1 we reported several examples demonstrating the importance of the type of mechanical forces on the product. Additionally, it has been demonstrated that the starting reactant materials can play a key role on the NG product outcome [43] [44] [45] [46] . The stoichiometric ratio between reactants can be an additional variable to be considered during screening by neat grinding since different stoichiometric cocrystals can be formed [47] . Another variable is the grinding time which will determine the amount of mechanical energy transferred to the loaded powder. Different amount of mechanical energy will impact the product outcome mainly in two ways i) on the reaction yield and ii) on the polymorphic outcome. As for the first point an example was reported by Nguyen et al. [48] using Terahertz Time-Domain Spectroscopy for the quantitative monitoring of cocrystal formation between phenazine and mesaconic acid. The results suggested that cocrystal formation by NG proceeded slowly with only 60% of the reactants cocrystallized after 60 min of grinding, with the remainder transformed into an amorphous mixture. The grinding time also influences the rate and extent of polymorph conversion. Shakhtshneider [41] reported that different polymorphic forms of sulfathiaziole had different transformation kinetics and pathways under mechanical stress. A combined analysis of X-ray data and IR-spectroscopy revealed that mechanical treatment of sulphathiazole brings about the conversion of Form III into Form I through the formation of an amorphous phase. Indeed, quantitative estimates showed that during grinding of Form III of sulphathiazole up to 50 wt% of an amorphous component was formed which subsequently recrystallized into Form I after prolonged treatment. The reverse transformation (Form I into Form III) was also observed but with no presence of non-crystalline solid, thus suggesting a crystal-to-crystal polymorphic transition.
Overall, the conversion pathway during NG is complex and hence involves optimization of a number of variables to effectively screen for new phases -with none of these process variables completely independent. For example, the optimum grinding time depends on the type of mill, starting material, size of the grinding medium, ball-to-powder ratio, etc. Hence, based on the information provided in the literature (and also our experience) Fig. 3 represents a possible rational interconnection among the variables for achieving the highest probability to obtain new solid forms.
Variable-temperature grinding (VATEG)
As mentioned above, there is an interplay of two (or more) mechanisms in directing the outcome of mechanochemical reactions towards a specific solid form, and the occurrence of one or another mechanism can be modified by using different experimental conditions. In this context, it is expected that the temperature at which the grinding experiments are performed will also have a significant role in deciding the reaction kinetics and the mechanism involved [31] . Information on the role of temperature during mechanochemical synthesis, however, is scarce and mainly concerns mechanochemical synthesis of inorganic materials [49, 50] . The main reason why the effect of such parameter/ variable has been little explored, particularly for pharmaceuticals, lies in the inability to directly follow mechanochemical reactions at a given temperature i.e. without the need to interrupt the grinding process and extract samples for analysis. As a result of recent developments concerning in situ techniques [51] , a real-time X-ray diffraction study of a VATEG reaction has been reported [52] . It was observed that the mechanochemical synthesis of a coordination polymer formed by cadmium chloride (CdCl 2 ) and cyanoguanidine (cnge) has remarkable thermal sensitivity both in terms of reaction kinetics and associated mechanisms. When CdCl 2 and cnge were neat ground at room temperature (25°C) the reaction was complete in about 25 min, while when grinding at 70°C the time necessary to complete the reaction was reduced to approximately 4 min (Fig. 4) . Additionally, the sequence of disappearance of the reactants, the formation of intermediate and the final product was different between room and elevated temperature (Fig. 4) . Interestingly, it was also reported that the reaction at room temperature proceeded faster when other experimental conditions such as the number and dimensions of grinding balls were modified. Finally, the temperature change also affected the content of the amorphous phase [52] .
For NG the formation of an amorphous intermediate remains the most likely mechanism, especially in those cases where there is no evidence of a special mass transfer pathway that would include a liquid or a gas [42] . Amorphous phase formation in grinding also depends strongly on the temperature [35, 53] . Descamps and co-workers observed that grinding at different temperatures in a Fritsch Pulverisette planetary mill can have a significant effect on the formation of the amorphous phase: at cryogenic conditions a direct amorphization of the ground material was induced, while grinding at room temperature resulted in a polymorphic transformation [54] . The authors associated the temperature effect to the glass transition of the processed materials: grinding below the glass transition point is most likely to result in vitrification and to produce an amorphous phase, while grinding at temperatures that are close or higher than the glass transition temperature of the ground material will promote crystallization and, if the experimental conditions are favourable, a new polymorphic phase.
In the study of MacFhionnghaile et al. [55] a series of grinding experiments at low temperature (the average sample temperature measured was −10 ± 2°C) were performed using a vibrational mill, the grinding jars being cooled by immersion in liquid nitrogen for 3 min before milling and subsequently re-cooled every 7.5 min of grinding. Under these conditions two polymorphs of the model drug considered (sulfamerazine) became amorphous after different grinding times: the metastable form could be made amorphous after 30 min of grinding while the stable polymorph required 120 min of grinding to became fully amorphous. On the other hand, at room temperature the metastable form transformed into the stable polymorph which did not became amorphous on further grinding.
The effect of cooling on mechanochemically induced transformations was reported by Drebushchak and co-workers for chlorpropamide [56] . Using a Retsch cryomill, transferring 600 mg of sample into a 5 ml crushing cylinder and grinding for 45 min at 25 Hz in the presence of one 7 mm diameter grinding ball, powder X-ray analyses revealed that when polymorph α was ground at room temperature, a mixture of two known and one unknown polymorphic form of chlorpropamide was obtained, while cryogrinding did not result in any change in the Xray pattern. The results of grinding polymorph ε were the opposite with cryogrinding resulting in the conversion of polymorph ε into form α, although this conversion did not occur when form ε was Fig. 4 . VATEG reactions between CdCl 2 and cyanoguanindine: a) crystal structures of reactants and products, b) scheme of the experimental setup enabling in situ X-Ray diffraction experiments, c) quantitative plot of the reaction conducted with room temperature as the starting temperature using two stainless steel balls each weighing 1.3 g as the grinding media and d) quantitative weight fraction plot of the components reaction conducted at the elevated temperature of 70°C using two stainless steel balls each weighing 1.3 g (ball diameter is 7 mm) as the grinding media (adapted from ref. [52] ). mechanochemically treated at room temperature. The authors concluded that the reason for ε-polymorph conversion under cryogenic conditions must be related to a low-temperature transition of form ε into ε′, the structure of which is more similar to polymorph α and as a result the conversion ε′-α becomes facilitated. Additional studies reporting on the effect of cryogrinding on the polymorphic transformation, amorphous phase formation and the nature of crystal disorder in milled pharmaceutical materials can be found in refs [57] [58] [59] .
In the context of pharmaceutical cocrystals, an interesting VATEG study has been reported by Jayasankar and co-workers [60] in which it was demonstrated that VATEG significantly changed the rate of cocrystal formation: cryogenic grinding (i.e. below the glass transition temperature) provided an amorphous phase which recrystallized upon storage as a pure cocrystal form, while grinding at room temperature produced a mixture of cocrystal, amorphous phase and starting materials. This important observation raises an interesting question regarding the competition between the kinetics of cocrystal formation and crystallization of individual components from the disordered phase: the formation of the cocrystal phase would suggest that under the conditions in which the experiments were performed heteromeric interactions are favoured over homomeric interactions. In this context, Seefeldt et al. [61] investigated the role of thermal history on the crystallization pathway of an amorphous equimolar phase of carbamazepine and nicotinamide: at low heating rates (3°C/min) a metastable cocrystalline phase nucleated and subsequently transformed into the more stable polymorph, while at high heating rates (10°C/min) the starting materials first recrystallized separately, then melted on further heating and eventually the stable polymorphic form of carbamazepinenicotinamide cocrystal nucleated from the melt. This study would suggest that similar phenomena may occur in mechanochemical experiments, such that a high degree of temperature control in VATEG experiments can lead to the control of the mechanisms involved, giving a higher chance for the discovery of new crystalline phases. In principle, VATEG experiments can be easily performed in both planetary and vibrational mills especially for cryogenic conditions with several models of cryogrinders commercially available allowing controlled grinding time, intensity/frequency and also the cooling cycles. A drawback of grinding at cryogenic conditions is related to the costs connected to the use of cryogenic fluids (e.g. nitrogen). In this context, Ye and Schoenung [62] performed a cost analysis study for cryogrinding experiments. From the model they developed, three cost elements (namely primary material, direct labour and liquid nitrogen) were identified as drivers for the fabrication of a nanostructured material.
In general, significant advance on controlling the temperature of mechanochemical reactions has been done with the development of ad hoc instruments for in situ mechanochemical studies and we believe that this might be the correct direction towards the development of more specialised devices.
Liquid-assisted grinding (LAG), ion liquid-assisted grinding (ILAG) and the recent version of variable amount LAG (VALAG)
The first paper demonstrating the higher efficiency of cocrystal formation by grinding solid reactants in the presence of minor amounts of appropriate solvent dates back in 2002 [63] .
Although LAG screening is mechanistically more complex compared to NG due to the presence of the catalyst (i.e. the liquid) this approach is often necessary for a series of reasons. Firstly, LAG is used when there is no sign of new phase formation by NG [43, 63, 64] . Also, when other parameters such as grinding time and frequency, type of forces generated etc. (Fig. 3) have been explored previously and played no role on the product outcome, the liquid can be added to create favourable conditions for the formation of new solid forms [65, 66] . It is presently not clear, however, how the addition of a liquid contributes to the superior efficiency of LAG compared to NG: it is suggested that small amounts of a liquid can have in some cases a physical role whereas in others a significantly more important effect. Several examples for each case are reported and summarized in the review of Friscic and Jones [42] .
The great efficiency of LAG on promoting the formation of multicomponent solids and controlling polymorphism (both in single and multicomponent crystals) has been widely explored and summarized in a series of recent reviews [27, [67] [68] [69] [70] [71] [72] . In this context, the different properties of the liquids such as polarity/dipole moment [65, 73, 74] , protic/ aprotic nature [75] , basicity/acidity [76] , molecular volume [77] , etc. for a structure-directing effect have been explored. Furthermore, LAG can be a successful technique for solvate/hydrate screening [43, 64, [78] [79] [80] . In this context, it is worth noticing that LAG experiments can produce previously known or new solvates unobtainable by other techniques. Indeed, Stilinović et al. [81] reported that during the synthesis of a Schiff base the dimethylformamide/water solvate can be prepared both by LAG and in solution, while in the case of a pyridine solvate mechanochemical and conventional synthesis have shown to be complementary producing two different solvates.
A particular subclass of LAG is the ion liquid-assisted grinding (ILAG), which uses small amounts of a simple salt additive, in addition to a liquid, for inducing and/or facilitating the solid state reactivity of materials [82] . The importance of ionic liquids is continuously increasing in the pharmaceutical field due to their interesting chemical characteristics [71] . Although there are no reported examples of polymorph screening for pharmaceutical materials through ILAG, it has been observed that using ionic liquids during solution crystallization of pharmaceuticals can generate different polymorphic forms [83] .
One of the most important parameters to be considered during LAG screening experiments is the amount of the liquid used (variable amount liquid-assisted grinding, VALAG). Friscic et al. [84] used the η value, defined as the volume of the solvent (in μL) divided by the sample weight (in mg) as an empirical parameter for the identification of the appropriate amount of reactants and solvent to be used to achieve favourable conditions for cocrystal formation. The results indicated that for each model system considered there was a range of η suitable for cocrystal synthesis. For example, in the case of VALAG experiments with acetonitrile a pure caffeine-L-tartaric acid cocrystal was obtained at η = 0.5, corresponding to 100 μl of solvent per 200 mg of starting materials (Fig. 5) , while in the case of theophylline-L-tartaric acid system the pure cocrystal product could be obtained only at η = 1 that is 200 μl of acetonitrile per 200 mg of starting materials (Fig. 5) . The authors reported also that the η value did not have the same effect for different cocrystal systems. Indeed, in the case of caffeine-L-tartaric lower (b0.1) η values gave high cocrystal yield (above 70%, see Fig. 5 ), while in the case of theophylline-L-tartaric cocrystal yield strongly depended from the η value (Fig. 5) . The effect of η is more pronounced in systems where the solubilities of the cocrystal components are not congruent. Finally, it was reported that for each system considered there was an upper η value, designated as η′ beyond which the cocrystal was no longer obtained.
Recently, our research group demonstrated that VALAG can be used to rapidly explore polymorph diversity [85] . A systematic LAG screening was performed using 15 different liquids and a multicomponent system formed by caffeine and anthranilic acid was considered. For each liquid, different volumes in the range 10-100 μl (η range 0.05-0.5) were added to the starting materials while the other experimental conditions (grinding time, frequency and ball-to-powder weight ratio) were kept fixed. The crystal forms present in each powdered product were identified using PXRD. The results suggested that for a 1:1 caffeine-anthranilic cocrystal, only 4 out of 15 liquids namely acetonitrile, nitromethane, ethylene glycol and 1,6-hexanediol were found to be highly selective for one polymorphic form, while 11 out of 15 produced two or more cocrystal polymorphs.
In the case of liquids that gave only one polymorphic form, 3 out of 4 liquids were highly selective for Form II which, based on the previous slurry studies [86] , is not the most stable polymorphic form. In the case of liquids that gave more than one polymorphic form every liquid behaved as a unique system, although some resemblances can be found when (chemically) similar liquids are used for LAG purposes. Possibly, the most interesting cases were the alternation of the product outcome between two cocrystal polymorphic forms during VALAG experiments with ethanol and 1-propanol. Specifically to ethanol, a pure Form II could be prepared in the presence of low amounts of liquid (10 and 20 μl, Fig. 6 ) while for 30 μl a mixture of Form I and Form II. Increasing the volume of the liquid from 40 to 60 μl (η value from 0.2 to 0.3) Xray pure polymorphic Form I was produced. Interestingly, higher volumes of the liquid produced again a mixture of Form I and Form II (80 μl of ethanol) and pure Form II during LAG with 100 μl of ethanol (Fig.  6 ). Such VALAG screening allowed also the generation of pure Form III, which so far could be obtained only by desolvation. While a thorough explanation of the mechanistic aspects of VALAG remains challenging, Belenguer et al. [87] reported recently that different amount of a liquid would impact on the particle size of the powdered product and therefore on the relative stability of each polymorphic form [88] .
Polymer-assisted grinding (POLAG)
Polymers are frequently used in mechanochemistry in molecule-excipient systems for assisting the formation of highly energetic solid forms such as amorphous materials and their stabilisation in the solid state [32, 34, 53] . It has been suggested that for such purposes both physical and chemical properties of the polymer need to be considered [89, 90] . In a more general context, however, the range of possible applications of polymers is larger and certainly not limited to promoting the formation and stabilisation of highly activated molecular structures. Specifically with regard to screening for new crystalline forms, Matzger and co-workers [91] [92] [93] demonstrated the possibility of controlling solution crystallization (heteronuclear seeding) using small amount of a polymer. Their strategy used insoluble polymeric films as heteronuclear sites for the discovery of new extended solids and for the selective nucleation of different polymorphic forms.
Continuing efforts in improving the efficiency of mechanochemical methods has recently led to the development of a new mechanochemical method namely POLAG, which uses polymers in association with grinding to promote the formation of crystalline solids (Fig. 7) [94] .
Initially, the objective was to compare POLAG with more established grinding methods such as LAG and NG. The experimental dataset was developed with three different cocrystal systems previously reported in the literature: the first system, formed by caffeine and citric acid, can be mechanochemically obtained only by using LAG or NG of caffeine hydrate with anhydrous citric acid (it is not possible to obtain the cocrystal either by NG of citric acid monohydrate with anhydrous caffeine or anhydrous reactants [43] ), the second system was formed by phenazine and mesaconic acid and LAG increases dramatically the rate of mechanochemical cocrystallization [48] and the third system is formed by caffeine and anthranilic acid by NG and LAG, with LAG also enabling product polymorphism [86] . Six different polyethylene glycols (PEG) with molecular weight ranging 200 to 10,000 (three liquids having different viscosities and three crystalline solids with different melting points) were selected as polymer catalysts. The results suggested that when used in small amounts (up to 15% weight) POLAG can have equal advantages to LAG. Additionally, in the case of the caffeineanthranilic acid system POLAG produced a different polymorphic form to that from neat grinding. It was also observed that although the polymer chain length did not affect the yield of mechanochemical cocrystal formation, the particle sizes of the powdered samples prepared by POLAG using the same amount but different polymer chain length were quite different. Samples prepared by POLAG with PEG 10,000 (the polymer with the longest chain length) presented the smallest particle size, while samples prepared in the presence of PEG 200 (the polymer with the shortest chain length) presented the largest particle size. Konnert and co-workers extended further the POLAG method to covalent organic chemistry for the synthesis of the anticonvulsant drug Ethotoin [95] .
The polymer chain length may also have a central role in polymorph outcome and therefore during screening. In the second study [96] the POLAG method was applied for selective polymorphism control in a cocrystallization reaction. The polarity factor was investigated because it was thought to be one of the main reasons for polymorph diversity during screening [65, 73, 74] . The model system selected was caffeine and glutaric acid since it had been previously demonstrated that liquid polarity appeared crucial for obtaining the desired polymorphic form in this system [65] . The results suggested that polymorphic outcome can be controlled by modifying the number of monomer units of the polymer from the shortest dimer (ethylene glycol) to PEG with chains of approximately 1000 units, since by increasing the polymer chain length the influence of the monomer polar groups becomes less influential leading to a general decrease in the polymer polarity [96] . Fig. 7 . Top: schematic description of POLAG, bottom: the so far explored advantages of this technique (adapted from references [94, 96] ).
In the context of POLAG two additional studies report on the citrate salt formation of two indole alkaloids, namely vinpocetine and vincamine [97, 98] . Although such molecules form amorphous salts with citric acid (and even with other solution-based methods [97, 98] ), the influence of the polymer and other process variables on the yield of mechanochemical salt formation was investigated.
In the case of vincamine [98] mechanochemical salt formation reactions were carried out using a Fritsch P5 planetary mill. The combined effects of the time of treatment, amount of citric acid (proton donor agent) and the presence or absence of polymer (sodium carboxymethylcellulose) were studied using an appropriate experimental design. The results revealed that out of 16 mechanochemical products prepared using different conditions, the product with the highest amount of protonated drug was produced when the reactants were ground for 60 min in the presence of polymer in a 1:2 vincamine-to-citric acid molar ratios. Under these conditions mechanochemical salt formation reaction was completed (100% of drug in the protonated form) highlighting the crucial role of the polymer in facilitating the solid state reaction. Indeed, when the reactants were coground for 60 min in the same molar ratio but in absence of the polymer, only 50% of the drug was in the protonated form and this percentage did not significantly improve (from 50% to 52%) when the grinding time was increased to 90 min.
Competitive grinding experiments
A conceivable disadvantage of the current mechanochemical screening methods is the modest throughput. A method for reducing such drawback has been proposed by Yamamoto et al. [99] which consists of using a cocrystal "cocktail" grinding method for the rational screening for new multicomponent solid forms. Three different drugs namely carbamazepine, piroxicam and spironolactone were ground in the presence of four different coformer mixtures: each mixture contained different coformer molecules with similar functional groups for synthon formation. Specifically, mixture 1 was formed by di and tricarboxylic acids such as citric, fumaric, succinic and tartaric acid, 2 by aromatic and carboxylic acids, 3 by molecules containing an amide group such as nicotinamide, benzamide, glycolamide and lactamide, and 4 contained four coformers having an aminic functional group. A detailed solid state characterization of the different powdered samples suggested the formation of both known and new cocrystal forms for all the selected drugs. Fischer et al. [100] performed a series of competitive grinding experiments for a series of cocrystals formed by anthranilic acid as coformer and different active pharmaceutical ingredients such as carbamazepine, salicylic acid, theobromine and theophylline. The results suggested that during mechanochemical cocrystallization reactions with carbamazepine, theophylline and anthranilic acid, the carbamazepine-anthranilic cocrystal acid always formed regardless of the experimental grinding conditions (NG or LAG). On the other hand, when a reactants mixture consisting of theobromine, theophylline and anthranilic acid was used, the formation of a specific cocrystal form depended on the experimental conditions: dry conditions (NG) promoted the formation of theobromine-anthranilic acid cocrystal while with LAG conditions the theophylline-anthranilic acid cocrystal appeared to be the (kinetically) preferred product. In addition, the authors also observed that not all the cocrystals obtained had the strongest intermolecular interactions. A series of studies that explored cocrystal formation under competitive conditions can be found in the literature [101] [102] [103] .
In conclusion, the formation of a specific cocrystal form via mechanochemistry cannot be predicted solely based on preferred intermolecular interactions. Indeed, the fact that a given cocrystal is preferentially formed does not necessarily mean that it has higher thermodynamic stability over another cocrystal, but only that its kinetics of formation are higher.
So far, such mixture screening is performed either by NG or LAG with fixed amount of liquid: it would be interesting to extend such approach to VALAG and POLAG techniques.
Seeds and seeding effect: the delicate equilibrium between being a cure or a cancer
Crystal seeding is the phenomenon of nucleation and/or growth in presence of preformed solid material, which can be either structurally homogenous or heterogeneous to the seeded solid. Seeding is largely used during solution crystallization to obtain the desired crystal phase with suitable size and morphology [104] . The important role of seeds and the consequences of an unwanted/uncontrolled seeding effect for solution crystallization are well established: seeds of a specific crystal can impact all aspects of solution crystallization, including crystal form, particle size distribution, crystal growth and nucleation rates, and final product purity [105, 106] .
Only a limited number of studies, however, have explored the importance of seeding effect on driving the product towards a specific crystal form in the solid state. Such a lack of research can possibly be related to the scarce knowledge of mechanism/s involved during a solidstate mechanochemical crystallization reaction. On the basis of classic nucleation theory [107] , nucleation represents the first energetic barrier to overcome for the formation of a new crystalline phase. Indeed, this is possible only for clusters larger than the critical radius, which then become stable and grow. The presence of seeds "offers" a ready and energetically accessible support on which to grow the new crystal phase, avoiding the nucleation step that is not always energetically favoured. A notable example of the effect of seeds on promoting mechanochemical cocrystal formation is reported in the paper of Bucar et al. [108] , where heteronuclear seeding was proposed for the synthesis of caffeine-benzoic acid cocrystal which persistently failed to form with mechanochemical methods or when other established techniques were used. In that study, even though a stable cocrystal form of caffeine and benzoic acid was predicted to exist using crystal structure prediction methods, a kinetic barrier impeded the production (nucleation) of the new crystal phase by all experimental methods (including mechanochemistry). Such a barrier was eliminated only in presence of preformed (isostructural) heteronuclear cocrystal seeds of caffeine and fluoro-benzoic acid derivatives.
In a very recent study [109] it was reported that clusters can nucleate on coming into contact with other nuclei which are attached to the surface of the seeded crystal form, and potentially serving as seeds for an exponential bulk propagation of the seeded phase. In other words, seeding has an autocatalytic nature, therefore can drastically accelerate the kinetics of cocrystal formation compared to a non-seeded reaction. In this context, one of the first studies investigating the role of preformed seed in the kinetics of mechanochemical polymorph conversion dates back to 1986 [110] . In that study, polymorphic transformations of chloramphenicol palmitate during neat grinding in an agate centrifugal ball mill at 200 rpm were investigated. Chloramphenicol palmitate Form B converted into Form A (the therapeutically least active form) during neat grinding for N 150 min in the absence of seeds. The grinding time necessary for the transformation of Form B was drastically reduced to 40 min when 1% of polymorphic Form A were added as seed crystals. Also, chloramphenicol palmitate Form C transformed to Form B during neat grinding for 16 min, and subsequently to Form A when grinding time was prolonged to 160 min -the conversion of Form C into Form B time was accelerated in the presence of 1% of Form B, while the following transformation into Form A remained unaffected. Interestingly, in the presence of 1 wt% of Form A, polymorphic transformation Form C-(Form B)-Form A occurred within a grinding time of only 30 min. This important observation finds practical application when mixtures of polymorphs are obtained (perhaps one polymorph is present as a trace) and when it is not easy to obtain the pure metastable form.
Yoshizawa et al. [111] reported that seeding can play an important role during inclusion complexation. The authors prepared different inclusion complexes of a naphthol derivative (2,2′-dihydroxy-1,1′-binaphthyl) by seeding the solution crystallization, and subsequently similar seed crystal experiments were also carried out in the solid state. Indeed, the host (originally having a helical structure with a twofold symmetry axis) was efficiently converted into a sheet or cyclic structure in the solid state upon contact with solvent vapour in the presence of a seed crystal.
Cincic et al. [112] extended the application of seeding for directing the supramolecular organisation towards the intended polymorphic outcome. The solid state reaction consisted of the synthesis of a Schiff base which is known to exist in at least four polymorphic forms (Forms I-IV). In the absence of seeds, however, only Form II could be prepared by neat grinding while grinding the reactants in presence of seeds of Form III produced the seeded polymorphic form. The same research group further extended this strategy to the condensation reaction of o-vanillin with 3-acetaminophenone [113] : in the absence of seeds only polymorphic Form I was obtained, while seeding with Form III modified the product polymorphic outcome into Form III. Seeding reactions with Form II, however, did not affect the polymorphic outcome. These observations were explained by the fact that Form II readily converted into Form I.
Recently, Fischer et al. [74] studied the effect of seeding on the mechanochemical synthesis of a dimorphic cocrystal system formed by theophylline and benzamide. When the starting materials were neat ground (the formation of polymorphic Form I being preferred) in the presence of seeds of Form II the powder pattern of the grinding product contained only reflections of the seeded cocrystal polymorphic form. The authors also reported that it was not possible to convert the stable Form II into the metastable cocrystal Form I by neat grinding or grinding with nonpolar solvents such as heptane or cyclohexane. These results would suggest that in the case of the theophylline-benzamide cocrystal the nucleation phase seems to determine the higher activation energy of Form II.
Our research group explored in a more general context the seeding effect during a mechanochemical cocrystallization reaction. The objective was to understand the conditions when preformed seeds of a specific cocrystal form can prevent the formation of the favoured polymorphic form, i.e. the solid form that (given the experimental conditions) would have formed in absence of any preformed seed in general. The experimental dataset was developed using two different cocrystal systems (Fig. 8) ; caffeine-anthranilic acid (CAFF-AA, System 1) [85, 86] , and caffeine-glutaric acid (CAFF-GA, System 2) [114] , each of them having (at least) two known polymorphic forms which could be produced by mechanochemical methods. The experimental conditions for the mechanochemical experiments were selected according to reference [86] : 200 mg of equimolar material (117 mg of CAFF and 87 mg of AA in the case of System 1, and 119 mg of CAF and 81 mg of GA in the case of System 2) were ground for 60 min at 30 Hz in a 15 ml steel grinding jar containing two grinding balls of 7 mm. In the case of seeding experiments under LAG conditions 50 μl of liquid was added. The samples were analysed using powder X-ray diffraction approximately after 30 min after the preparation to allow solvent evaporation.
Since mechanochemical cocrystal formation is a solid-state reaction where the contact between reagents is of fundamental importance [115] the effect of the seed concentration on the polymorphic outcome was also investigated with the amounts of seed cocrystal varying from 0.5 mg, 2 mg, 10 mg and 20 mg corresponding respectively to 0.25, 1, 5 and 10 wt% of 200 mg of reactants. This is likely to be important from a practical point of view since during the cleaning of jars between experiments very low amounts of a polymorphic form produced in previous experiments may persist. Each sample was characterised using powder X-ray diffraction (PXRD).
System 1
In the case of System 1 the seeding effect was very strong (Fig. 9) . Indeed, all the experiments performed produced pure polymorphic form of the seed cocrystal. It was not possible to detect the presence of the preferred polymorphic form when only 0.25 wt% of seeds (approximately 0.5 mg of seeded cocrystal for 200 mg of reactants) were used. The results suggest that in this system the polymorphic outcome strongly depended on the presence of pre-formed nuclei of a specific polymorphic form of the cocrystal. Apparently, the growth of the seeded phase was energetically favoured and kinetically faster with respect to the nucleation of the preferred crystalline phase.
The possibility of interconverting by grinding the two polymorphic forms was investigated by performing LAG experiments on a sample of Form II using nitromethane, a solvent known to promote the formation of Form I during cocrystal formation, and on a sample of Form I using acetonitrile, a solvent which promotes Form II [85, 86] . Both polymorphic forms were stable to transformation under these conditions. Additionally, Form II did not convert during neat grinding. These observations indicate that although both CAFF-AA polymorphs can be generated by grinding CAFF and AA acid with selected solvents, the interconversion of these two forms by neat or LAG does not readily occur.
System 2
A summary of seeding experiments performed on System 2 formed by CAFF and GA is also reported in Fig. 9 . Neat grinding of CAFF and GA Fig. 9 . Mechanochemical seeding experiments performed on the (top) System 1 and (bottom) System 2.
gives CAFF-GA Form I. Interestingly, pure polymorphic Form I was also obtained when different amounts of Form II were neat ground with the reactants. A series of seeding experiments in the presence of different solvents also suggested a lack of seeding effect for System 2 (Fig. 9) . LAG of CAFF + GA and different amounts (up to 10 wt%) of CAFF − GA Form I in the presence of acetonitrile (a solvent which generates Form II) gave pure Form II. As a comparison, LAG of CAFF + GA and different amounts (up to 10 wt%) of CAFF − GA Form II in presence of hexane (a solvent producing Form I) produced a mixture of the two forms. Seeding experiments with System 2 failed we believe because both polymorphic forms interconvert during grinding. Further additional grinding experiments showed a total conversion of Form II into Form I i.e. to the favoured polymorphic form on neat grinding. A similar phenomenon was observed during LAG of pure Form I with acetonitrile which resulted in a partial conversion to Form II.
In conclusion, studies addressing the effect of seeds in the solid state would suggest that in specific systems small amount of preformed nuclei can overcome kinetic barriers for the structural rearrangement in the solid state. In the case of multicomponent crystals, the presence of very low amounts (less than 1 mg) of preformed cocrystal seeds can prevail over other experimental conditions and drive the product towards the seeded crystalline form. For such purposes, however, the efficiency of the seeds is mainly correlated to their solid-state stability, and in general two different situations can be observed: in the case of a non-converting polymorphic form the pure cocrystal of the seeded form will possibly be generated, while an interconverting cocrystal polymorph will have irrelevant role on the final polymorphic outcome.
Conclusion and outlook
We have attempted to review the various mechanochemical strategies which are available in the screening for possible solid forms of pharmaceutical molecules. The various operational variables, such as the choice of the crystal form of the reactants, temperature, identity of any additional "catalytic" components, have been discussed. Mechanochemical screening is however, frequently performed in a somewhat superficial manner, while a thorough screening for new solid forms requires covering a wide crystallization space using various experimental conditions. We have analysed all known possible experimental variables during screening and a possible flow chart is presented in Fig.  10 . Although the first examples of discovering new solid forms based on grinding methods were described several decades ago [116, 117] , a particular focus nowadays is addressed towards the discovery of multicomponent solid forms such as cocrystals, salts and hydrates/solvates. LAG remains the most explored mechanochemical technique for screening of new pharmaceutical forms. Its high efficiency for generating new multicomponent solids has been demonstrated on numerous occasions [118] . In certain cases, solid state grinding in the presence of a catalytic amount of a specific liquid was identified as the only method for initially obtaining a particular solid form, with seeds from the product subsequently enabling solution crystallization [66] . The properties of the "catalyst" frequently appear paramount for the discovery of a new polymorphic form. One specific approach (namely VALAG), may provide an opportunity for a better understanding of mechanism(s) operating during grinding and allow the development of practical methods for polymorph screening and the selection of a suitable liquid to produce, at an industrial scale, the solution crystallization a desired polymorphic form.
POLAG also represents an efficient mechanochemical technique for the synthesis and screening of new solid forms. The method eliminates the risk of by-products (such as solvates) during polymorph, salt and cocrystal screening. The range of chemical variation among polymers (e.g. libraries containing various functional groups and molecular weights) can promote the discovery of additional crystalline forms during cocrystal, salt and polymorph screening. Further studies are necessary for identifying the physical and/or chemical properties of a polymer to promote crystallization. In a manner similar to VALAG the influence of polymer amount can be also explored. The discovery of new solid forms via POLAG can be particularly advantageous since it is known that polymers are excellent stabilisers, not only of amorphous forms but also of metastable crystalline forms [41, 119] . Even if the presence of polymer is seen as disadvantageous in producing a pure cocrystal product its ability to add to the methods for screening cocrystal formation (e.g. when solvate formation is an issue) remains noteworthy.
The presence of preformed nuclei can be problematic during mechanochemical screening: studies addressed on the effect of seeds would suggest that in specific systems a small amount of preformed nuclei can overcome kinetic barriers for the structural rearrangement in the solid state. These results can be useful in practical laboratory situations, such as screening experiments where small amounts of residual preformed seeds can "contaminate" subsequent experiments, and possibly can nullify the role of other experimental variables (Fig. 10) . In this context the example reported by Bucar et al. [108] , where it was observed that after introducing (isostructural) heteronuclear seeds (and therefore making possible the production of the caffeine-benzoic acid cocrystal) it was subsequently impossible to avoid cocrystal formation and maintain the simple physical mixture during grinding. Indeed, the cocrystal could subsequently be obtained using a range of crystallization techniques including solution crystallization. On the other hand, the study of solid state seeding can be also useful for our understanding of cocrystal formation via mechanochemistry, and possibly used as a tool to understand the mechanisms of the solid state cocrystal and multicomponent solid formation in general.
Some interesting, yet not explored, combinations of mechanochemical methods such as grinding reactants in the presence of a polymer at different temperatures or performing cryo-LAG screening (Fig. 10) would offer a significantly wide range of experimental conditions, therefore increasing the probability of discovering new solid forms. Mechanochemistry, therefore, allows changing a wide number of experimental variables and at the same time reducing the difficulties of optimising such variables when compared with other routine screening methods. For example, it is possible to explore the role of the solvent amount on the product outcome without the concern of possible precipitation since reactants are predominantly in the solid state. Additionally, it is simpler to modify the temperature and intensity of a grinding process compared to solvent-based screening methods. There are no experimental screening techniques, however, that can guarantee the discovery of all possible forms predicted by computational methods. Indeed, a combination of experimental techniques would permit discovering a significant number of new solid forms [64] . This is an exciting time for mechanochemistry: enormous progress has been made in the last three decades, especially in academic research, and new areas of applications of such green technology is likely to impact substantially in real world applications. A series of challenges remain, however, for future development. One example is the necessity of improving throughput of mechanochemical screening methods. In this context, specialised mechanochemical devices are required for increasing the number of samples processed simultaneously and providing a better control of the type and intensity of the mechanical forces generated. Additionally, little is known concerning the nucleation and growth mechanisms and their relationship to classical nucleation theory, and a series of important questions remain unanswered. For example, it is unclear if nucleation in LAG reactions occurs in the (very) small amount of liquid or in the solid state. Similarly for POLAG. Although solid reactants are generally less soluble in polymers compared to other "liquids", the extremely small amount of solubilized material in the polymer may be sufficient to provide seeds for the growth of a new phase.
Not all crystallization strategies can create favourable conditions for promoting the formation of specific solid forms. In this context, phase diagrams are particularly helpful to identify the most stable form. It remains difficult to predict the crystallization kinetics by using the phase diagram approach. In other words, how one arrives at a specific region of the "phase diagram" can change the outcome and generate a metastable form. Clearly, there is only one true thermodynamic phase. Nevertheless, in cases where the thermodynamic phase is not suitable for development it is then a case of arriving at non-thermodynamically controlled outcomes. Mechanochemistry is an important approach since it offers a wide range of adjustable experimental conditions for searching for new crystalline forms. A detailed knowledge, therefore, of all the possible operational variables (methods) is crucial. In this review, each method (and the experimental approach to that method) was illustrated with literature examples that reflect on the possible mechanisms involved. Hence, although this paper aims to analyse different practical aspects of mechanochemistry, it also summarises current thoughts on some of the theoretical aspects of mechanochemistry.
Furthermore, the potential of different mechanochemical methods combined with in situ monitoring techniques [51, [120] [121] [122] [123] will provide a better control of the solid state process and allow the discovery of additional (intermediate) solid forms which might be difficult to obtain with other methods. Indeed, grinding experiments are usually performed for a sufficient amount of time to allow equilibrium to be reached, but it has been observed that stable forms are often generated via interconversion of less stable forms [124] . In situ techniques would also be important for understanding the seeding effect in mechanochemistry, which can be an important explanation why mechanochemistry appears to fail when used for screening for new solid forms.
Overall, mechanochemistry should not be considered simply as an alternative method when other screening methods are not successful, but rather as a key strategy in any fully effective solid form screen providing reduced effort and time as well as requiring reduced amounts of available material.
